
 
 

 

 

 

 

ABSTRACT 
 

Functionalized Benzosuberene Analogues as Potential Vascular Disrupting Agents 
 

Akshar Dinesh Chauhan 
 

Director: Kevin G. Pinney, Ph.D. 
 
 

Functionalized benzosuberene analogues represent an emerging class of 
anticancer agents that are inspired, in part, by combretastatin A-4 (CA4), a natural 
product found in bark extracts from Combretum caffrum, an African bush willow tree.  In 
recent years, these benzosuberenes have become the subject of scientific scrutiny due to 
their heightened cytotoxicity and ability to inhibit tubulin assembly in the endothelial 
cells of tumor vasculature, eventually leading to tumor necrosis.  Because of this ability, 
certain benzosuberenes and other similar compounds are more commonly known as 
vascular disrupting agents (VDAs).  This study investigates how the activity of these 
benzosuberene compounds is affected when altering several moieties in the molecular 
structure while keeping the [6,7] fused-ring system intact.  Specifically, this work seeks 
to determine whether various molecular substitutions on the benzosuberene core can 
improve binding to tubulin, leading to enhanced microtubule depolymerization and 
cytoxicity against human cancer cells.  One of the molecules synthesized, featuring an 
α,β-unsaturated ketone in the final structure, demonstrated cytotoxicity against several 
human cancer cell lines (GI50 = 23.5 μM against NCI-H460 lung cancer cells; GI50 = 20.1 
µM against DU-145 prostate cancer cells; and GI50 = 8.46 μM against SK-OV-3 ovarian 
cancer cells).  Overall, four new benzosuberene analogues were prepared by chemical 
synthesis.  Ultimately, the structures of these new molecules, along with accompanying 
biochemical and biological studies, were instrumental in extending the structure-activity 
relationship (SAR) profile for this new class of anticancer agents.   
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CHAPTER ONE 
 

Introduction 
 
 

On riverbanks in the Eastern Cape Province of South Africa grows a tree with 

remarkable properties.  Known as the African bush willow, Combretum caffrum, or 

simply “Mdubu” by the native Zulu, it was once sought by African folk medicine 

practitioners for its medicinal qualities.  With the proper dosage, a compound found in 

the bark extract of this tree can be used to treat cancer.1  In recent years, this ability has 

been the subject of great analysis in some scientific circles.  In a 1979 study, Dr. George 

R. Pettit (Arizona State University) and the National Cancer Institute determined the 

reason behind the tree’s anti-cancer properties.  Careful analysis indicated that a class of 

compounds known as the combretastatins was responsible.  Despite their humble 

beginnings in folk medicine, these compounds have the potential to significantly advance 

modern cancer chemotherapy.  However, nature alone can only go so far; combined with 

the rigors of scientific research, the potential for improvements in biological activity is 

present.  Thus, while the naturally-occurring combretastatins do show promise in cancer 

treatment, their full potential can only be unlocked through in-depth scientific studies.  

By designing synthetic analogues that alter the combretastatins’ binding affinities at the 

colchicine binding site, a much greater understanding of this interaction can be gained.  

Specifically, this study seeks to determine whether various structural modifications 

performed on these synthetic systems can ultimately lead to enhanced microtubule 

depolymerization and cytotoxicity. 
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Cancer Formation and Development 

Cancerous cells form when mutations occur in cellular DNA that lead to the 

activation of oncogenes, the deactivation of tumor suppressor genes, or the deactivation 

of DNA repair genes.2  When oncogenes become activated, normally functioning genes 

are mutated in such a way that cell proliferation becomes unchecked, as observed in c-ras 

gene mutations.3  When a specific mutation occurs in the c-ras gene, its protein 

product—Ras—becomes activated for extended periods of time.  The Ras protein is an 

integral part of the cell signaling pathway necessary for cell proliferation.  Extended 

activation allows the cell to replicate unchecked.  Because of the c-ras gene’s direct 

involvement in cell proliferation, its mutation into an oncogene is one of the most 

common mutations leading to cancer development in humans.3  When tumor suppressor 

genes become deactivated, cellular mechanisms that usually prevent cancer development 

are inhibited, as observed in TP53 gene mutations.  When the mutations deactivate the 

TP53 gene, its protein product—p53 tumor suppressor protein—is no longer produced.  

The p53 protein ensures the integrity of the genome by activating DNA repair 

mechanisms, arresting cell development, or triggering apoptosis when DNA damage 

occurs.  Without p53 protein production, cells containing damaged DNA can replicate 

unchecked.      

The mutations affecting these genes often result from exposure to ionizing 

radiation, carcinogens, or certain pathogens.  Mutations can also occur naturally during 

DNA replication, or they can be inherited.  Ionizing radiation damages DNA either by the 

direct displacement of electrons on the DNA molecule or by the formation of free 

radicals.3  In either case, strand breakage results.  Carcinogens are chemicals with 
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mutagenic properties.  Like ionizing radiation, carcinogens cause mutations through 

DNA damage.  For example, bile acid exposure generates reactive nitrogen and oxygen-

containing compounds which cause DNA damage, including single-strand breaks.4  

Unlike ionizing radiation and carcinogens, pathogens introduce genetic mutations without 

damaging the genome.  For example, human papillomaviruses (HPVs) infect cells 

through the transmission of circular double-stranded DNA containing oncogenes.  The 

proteins encoded by these oncogenes—E6 and E7—disable the protein products of the 

tumor suppressor genes p53 and pRb.5  This causes the affected cell to undergo malignant 

transformations and become cancerous. 

Although cells have proofreading mechanisms for repairing DNA damage and 

mutations, proofreading errors occasionally occur.  Ionizing radiation and the other 

sources genetic mutations discussed increase the likeliness of these errors happening by 

introducing a greater number of genetic aberrations to correct.4  Unnoticed instances of 

DNA damage are replicated and become permanent mutations.  Once formed, cancerous 

cells replicate unchecked.  In most cases, the actively proliferating cancer cells continue 

to divide until a mass of cells—the tumor—is formed. 

Current Cancer Treatments 
 

Several methods of preventing cancer formation have been devised based on this 

development cycle.  The transmission of viral oncogenes to a host can be prevented by 

vaccines that target the virus.  Both Merck and GlaxoSmithKline have developed 

vaccines that are proven to prevent specific types of HPV.6  Genetic mutations due to 

ionizing radiation can be limited by using appropriate protective equipment or by 

minimizing durations of exposure.  Lastly, mutations due to carcinogens can be limited 
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through reduced exposure.  For example, gastrointestinal cancers can be caused by 

excessive bile exposure to intestinal tissue.  Since bile production increases after 

digesting meals with high fat content, making dietary changes could reduce the risk of 

developing gastrointestinal cancers.4   

However, these precautions only prevent cancers that develop due to external 

agents.  No method of prevention exists for natural or inherited mutations.  As a result, 

completely preventing cancer formation is impossible.  When cancers do develop, 

physicians resort to one or more of the following means of treatment: chemotherapy, 

radiation, and surgery.  During chemotherapy, cancerous cells are targeted by drugs that 

inhibit mitosis in rapidly dividing cells.  During radiation therapy, cancerous cells are 

targeted by high-energy doses of radiation that damage their DNA.7  During surgery, 

surgeons directly excise the tumors from otherwise healthy tissue.  This approach allows 

cancer cells to be selectively targeted without damaging healthy tissue.   

However, each treatment method has disadvantages. While radiation and 

chemotherapeutic agents do destroy cancer cells, they can also harm healthy cells.  Like 

blunt instruments, they are unable to precisely distinguish between the two.  Even though 

surgery eliminates this issue, finding and excising all affected tissue surgically is both 

difficult and inefficient for metastatic cancers.  Despite their disadvantages, the methods 

employed in these three treatment options generally improve patient prognoses. 

Unfortunately, these methods are not always effective.  Such is the case for 

patients with anaplastic thyroid cancer—the most aggressive of several forms of thyroid 

cancer.  While patients with more common forms of this cancer typically receive good 

prognoses, the life expectancy for patients with the anaplastic form rarely exceeds six 
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months.8  The cancer’s deadliness arises from its resilience.  Completely removing the 

thyroid gland does not prolong patient life.8  Even chemotherapy and radiation therapy 

used simultaneously only increases the median life expectancy to one year.9  Thus, 

current treatment methods have evident shortcomings.  A more advanced treatment with 

the ability to target aggressive cancer cells with efficiency and specificity is needed.  

Combretastatin A-4 phosphate (CA4P), a chemotherapeutic agent derived from 

combretastatin A-4 (CA4), is an example of such a drug.  In Phase I clinical trials on 

patients with advanced anaplastic thyroid cancer, CA4P was shown to significantly 

increase patient outlook.10  In fact, one of the patients treated experienced complete 

pathological remission.10 

Vascular Targeted Therapy 

The use of combretastatins and several other classes of drugs currently in 

development to treat tumors is known as vascular targeted therapy.11  Vascular targeted 

therapy involves destroying the blood vessel networks surrounding solid tumors.  The 

effectiveness of this approach lies in the fact that solid tumor growth cannot exceed a few 

millimeters in the absence of a functioning vascular supply.11  Moreover, when the 

vascular supply of existing tumors is damaged, tumor ischemia can occur.  The 

compounds used for vascular targeted therapy can be classified into two major categories: 

antiangiogenic agents (AIAs) and vascular disrupting agents (VDAs).11  Both drug types 

have different roles in tumor growth regulation.   

AIAs inhibit the formation of new tumor vasculature, preventing tumors from 

growing further.12  The mechanism by which AIAs achieve this inhibition of vascular 

formation varies.  Some compounds, such as ZD4190, inhibit angiogenesis by inhibiting 
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the receptor tyrosine kinases Flt-1 and KDR (see Figure 1).13  Since vascular endothelial 

activation is triggered when vascular endothelial growth factor (VEGF) binds to either of 

these tyrosine kinases, inhibiting them prevents angiogenesis.13  Other compounds, such 

as fumagillin, inhibit methionine aminopeptidase type II (see Figure 2).14  Since this 

enzyme has been implicated in vascular endothelial migration and proliferation, 

fumagillin also prevents angiogenesis.15     

 

 

Figure 1: ZD419013 

   

 

Figure 2: Fumagillin14 

 

VDAs occlude blood vessels surrounding tumors, depriving them of oxygen and 

leading to necrosis.12  The mechanism by which VDAs occlude these vessels varies.  

Flavonoids, such as 5,6-Dimethylxanthenone-4-acetic acid (DMXAA ; see Figure 3), are 

VDAs that stimulate the production of tumor necrosis factor α and other cytokines.12  

These cytokines interfere with vascular circulation.16  Tubulin-binding agents are VDAs 

that bind to either the colchicine or vinblastine binding sites on tubulin.12  The binding of 

these molecules to tubulin causes microtubule disassembly in the cell.12  Microtubules 
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serve a variety of functions in cells, including maintaining the integrity of the cell 

cytoskeleton and forming the spindle fibers necessary for mitosis to occur.  Because of 

this, microtubule disassembly is catastrophic.  Microtubule disassembly within the 

cytoskeleton of blood vessel endothelial cells can cause vascular collapse.  The 

disassembly of microtubules in spindle fibers can cause necrosis of the rapidly dividing 

tumor cells.  Thus, using tubulin-binding agents is advantageous in the treatment of 

cancer because they directly affect both the tumor cells and their vasculature.  Of the two 

major drug types discussed, combretastatins are tubulin-binding vascular disrupting 

agents.      

 

Figure 3: 5,6-Dimethylxanthenone-4-acetic acid12 

A significant advantage of VDAs over traditional chemotherapeutic agents is their 

ability to selectively affect tumor cells.  This selectivity is directly related to the unique 

vasculature surrounding each tumor.  The rapid replication of cancer cells leaves an 

insufficient period of time for developing an organized blood vessel network.17  As a 

result, the blood vessel networks surrounding tumors are inefficient at delivering much 

needed resources to the tumor.17  This leaves the tumor microenvironment with regions of 

significant hypoxia.17  In addition, the vessels themselves are hyperpermeable and poorly 

formed.  This causes tumor vasculature to be structurally unstable.17  As a result, the 

microtubule disassembly caused by vascular disrupting agents is especially devastating to 
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these vessels.  Healthy blood vessels are structurally stable, so they are relatively resistant 

to these effects at low doses.  Lastly, because VDAs and AIAs both affect tumor 

vasculature, they can be used in combination with traditional chemotherapeutic agents 

that target only the tumor cells.18   

Combretastatins 
 

Combretastatins in particular show promise for cancer treatment because of their 

pronounced potency in both inhibition of microtubule assembly assays and inhibition of 

cell growth assays.  Additionally, their simple structure allows for the total synthesis of 

analogues from commercially available starting materials to be completed quickly.  By 

subjecting analogues that vary at several moieties to in vitro and in vivo biochemical and 

biological evaluation, the structure-activity relationship profile for combretastatins can be 

expanded.  With an expanded library of combretastatin analogues, the key structural 

motifs necessary for their biological activity can be identified.   

Of the combretastatins, combretastatin A-1 (CA1) and combretastatin A-4 (CA4) 

are among the most biologically active in terms of microtubule depolymerization and 

cytotoxicity (see Figures 4 and 5).1,19  At their most basic level, CA1 and CA4 are 

comprised of two aromatic rings joined by a stilbene bridge.  On both molecules, three 

methoxy functionalities populate one ring, labeled as ring “A.”  Additionally, CA1 has 

two hydroxyl functionalities and one methoxy functionality located on the other ring, 

labeled as ring “B.”  Combretastatin A-4 possesses only one hydroxyl functionality and 

one methoxy functionality on the “B” ring.   
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Figure 4: Combretastatin A-1 structure and ring labels1 

 

Figure 5: Combretastatin A-419 

For both molecules, the functional groups on ring “A” and ring “B” directly alter 

the efficiency of microtubule depolymerization activity and cytotoxicity.  The functional 

groups on the “A” ring are integral parts of the pharmacophore moiety that binds to the 

colchicine-binding site on β-tubulin, while the functional groups on the “B” ring stabilize 

the bound molecule by interacting with surrounding protein residues.20  

Structural Modifications of the Combretastatins 

 In response to the combretastatins’ potent biological activities, numerous 

analogues of CA1 and CA4 have been synthesized worldwide.  These analogues include 

β-lactam compounds,21 chalcone compounds,22 nitrogen-substituted compounds,23 

triazole compounds,24 benzosuberene compounds,25 indole compounds,26 and various 

water-soluble salts and prodrugs (see Figures 6, 8, 9, and 12). 

“A” ring 

“B” ring 
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Figure 6: Combretastain analogues from left to right; β-lactam compound,21 chalcone 
compound,22 nitrogen-substituted compound,23 and indole compound26 

 

 A potential concern in the structure of CA1 and CA4 is the fact that the stilbene 

bridge connecting the “A” and “B” rings introduces the possibility of isomerization (see 

Figure 7).  The Z isomers of CA1 and CA4 demonstrate pronounced inhibition of tubulin 

assembly and potent cytotoxicity when compared to their less active corresponding E 

isomers.  Therefore, potential isomerization of these molecules could lead to potency 

issues during treatment.24  To overcome this, many analogues of CA1 and CA4 feature a 

fixed ring instead of a stilbene bridge.  This replacement ensures that these analogues 

stay locked in an active conformation (see Figure 8).   

 

Figure 7: Z (left) and E (right) isomers of CA1 

 

Figure 8: Fixed ring triazole analogue of CA424 
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Improving water solubility is another area of drug development for the 

combretastatins, since water containing fluids such as plasma permeate most body 

tissues.  Because the polarity of water is too great to properly solvate most organic 

molecules, water soluble prodrugs are often created through the incorporation of ionic 

salts into these organic molecules’ structures.  One of the most notable examples of such 

a modification can be seen in the structure of combretastatin A-4 phosphate (CA4P ; see 

Figure 9), in which a disodium phosphate salt is incorporated at the phenolic position.27  

The delivery of combretastatin analogues to tumors in vivo would be challenging without 

modifications such as these, unless harsh organic solvents are used.  These organic 

solvents pose their own health hazards, so the use of water soluble compounds for 

treatment is necessary. 

 

Figure 9: Combretastatin A-4 phosphate27 

Further drug development entails the incorporation of bioreductive triggers in the 

molecular structure.  While combretastatins do favor the destruction of tumor vasculature 

over normal blood vessels, high doses still have damaging side effects.  Bioreductive 

triggers address this problem.  Unlike other vascular disrupting agents, compounds with 

bioreductive trigger are introduced into the body in an inactive state.  When these 

compounds come in contact with key bioreductive enzymes, the bioreductive trigger 

moiety is cleaved, leaving the active form of the compound.  For example, ANG704, a 

bioreductive prodrug of CA4 shows no activity in inhibition of tubulin polymerization 
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assays in its unreduced form (see Figure 10).28  However, in the presence of supersomal 

cytochrome P450 reductase, the active CA4 is released (see Figure 11).  Since this 

transformation only occurs in hypoxic tissue such as the tumor microenvironment, only 

these tissues are exposed to the active form of the drug.28 

 

Figure 10: ANG70428 

 
 

 

Figure 11: Release of CA4 from bioreductive prodrug ANG70428 

Benzosuberenes and Current Research 

An evaluation of molecular structure development in the Pinney Research Group 

at Baylor University led to the discovery of benzosuberenes as new compounds inspired 

by the combretastatins.25  The pronounced performance of lead benzosuberene compound 

KGP18 (see Figure 12) in inhibition of tubulin polymerization assays and cancer cell 

growth inhibition assays positioned this class of compounds for further study.25  Unlike 

CA1 and CA4, which contain only an “A” and “B” ring, benzosuberenes contain three 
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rings.  The addition of an extra ring might allow the key ring systems in the 

combretastatins to maintain their proper orientation for optimal tubulin binding.   

 

OH

H3CO

H3CO

H3CO
OCH3

KGP18  

Figure 12: KGP18 benzosuberene structure and ring labels25 

From this basic structure, four new analogues were synthesized (see Figure 13).  

In each, the functional groups present on the “A,” “B,” and “C” rings were modified to 

determine the overall effect on the compound’s activity in inhibition of tubulin 

polymerization and inhibition of cell growth assays.  Ultimately, the structures of these 

new molecules, along with their accompanying biochemical and biological evaluations, 

were instrumental in extending the structure-activity relationship (SAR) profile for the 

benzosuberene class of anticancer agents. 

 

Figure 13: Analogues synthesized 
  

“A” ring “B” ring 

“C” ring 
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CHAPTER TWO  
 

Experimental 
 
 

General Procedure29 
 

All reactions were performed under an inert atmosphere of nitrogen unless 

otherwise specified.  All commercially available starting materials were purchased from 

chemical vendors such as Sigma Aldrich Chemical Co., Acros Chemical Co., Alfa Aesar, 

Fisher Scientific Chemical Co., EMD Chemicals, and VWR chemicals.  Anhydrous 

solvents, including THF, DCM, MeOH, EtOH, DMSO, and Et2O were also purchased 

from these chemical vendors.  THF and DCM were dried further using a Vacuum 

Atmospheres Co. solvent purification system.  Reactions requiring microwave radiation 

were performed with a Biotage Initiator Microwave Synthesizer.  All reactions were 

monitored with TLC plates (250 µm thickness, 60 Å pore size) pre-coated with a 254 nm 

fluorescent indicator and purchased from VWR.  Silica gel (200-400 mesh, 60 Å pore 

size) used for flash chromatography and gravity column chromatography was purchased 

from Silicycle Inc., Fischer Scientific Chemical Co., Dynamic Absorbants, Inc., and 

Advanced Industrial Ceramics.  Hexanes and EtOAc used for column chromatography 

were obtained in >98% purity from VWR and used without further purification.  

Purifications of specified intermediates and final products were carried out using a 

Biotage Isolera Flash Purification System with pre-packed silica gel columns.   

Synthesized intermediates and products were characterized based on 1H and 13C 

NMR spectra obtained from a Varian spectrometer operating at 500 MHz for 1H and 125 



15 

MHz for 13C.  Deuterated solvents such as CDCl3 (with 0.03% TMS as standard) and 

DMSO-d6 were obtained from Sigma Aldrich Chemical Co.  All chemical shifts (δ) are 

expressed in ppm, coupling constants (J) are expressed in Hz, and peak patterns are 

described as broad (br), singlet (s), doublet (d), triplet (t), quartet (q), septet (sept), heptet 

(h), or multiplet (m).  NMR data processing was carried out using iNMR 4.2.3. 

Synthesis of α,β-Unsaturated Benzosuberone Analogues 

5-(2',3'-Dimethoxyphenyl)pent-4-enoic acid 1 

A solution of (3-carboxypropyl)triphenylphosphonium bromide (22.008 g, 51.267 

mmol) in anhydrous THF (500 mL) was prepared.  KOtBu (13.912 g, 123.98 mmol) was 

then added, and the resulting solution was stirred for 1 h.  Upon adding the base, the 

solution immediately changed color from white to orange.  2,3-Dimethoxybenzaldehyde 

(7.559 g, 45.52 mmol) was then slowly added to the reaction mixture in anhydrous THF 

(15 mL).  The solution was then stirred overnight.  On completion, the reaction mixture 

was quenched with H2O (20 mL), and the organic solvent was evaporated under reduced 

pressure.  The mixture was then quenched with HCl (1 M) until the white precipitate 

formation ceases.  Next, the aqueous phase was extracted using EtOAc (3 x 15 mL).  The 

combined organic extracts were washed with brine, dried over Na2SO4, filtered, 

evaporated under reduced pressure, and purified by flash chromatography using 

EtOAc/hexanes:20/80 as the eluent.  Carboxylic acid 1 (5.11 g, 20.4 mmol, 45% yield) 

was obtained as a light yellow oil.   
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5-(2',3'-Dimethoxyphenyl)pentanoic acid 2 
 
 A solution of carboxylic acid 1 (5.11 g, 20.4 mmol) in anhydrous methanol (250 

mL) was prepared.  10% Pd/C (1.0125 g) was added, and the solution was placed under 1 

atm H2 gas (excess) via balloon.  The solution was stirred overnight.  On completion, the 

reaction mixture was filtered through celite and the organic solvent was evaporated under 

reduced pressure.  The crude extract was then purified by flash chromatography using 

EtOAc/hexanes:20/80 as the eluent.  Carboxylic acid 2 (5.07 g, 0.02 mol, 98% yield) was 

obtained as a pale yellow oil.   

1,2-Dimethoxybenzocycloheptan-5-one 3 

 Carboxylic acid 2 (5.07 g, 0.02 mol) was added to a flask open to the atmosphere.  

Eaton’s reagent (42 mL) was added via syringe, and the resulting solution was stirred 

vigorously overnight.  With stirring, the previously light yellow solution became brown.  

On completion, the solution was quenched over ice, which was then stirred until liquid.  

Next the mixture was extracted using diethyl ether (4 x 20 mL).  The combined organic 

extracts were washed with a NaOH (1 M) solution until neutral.  The organic phase was 

then washed with brine, dried with Na2SO4, filtered, evaporated under reduced pressure, 

and purified by flash chromatography using EtOAc/hexanes:20/80 as the eluent.  

Benzosuberone 3 (2.61 g, 11.8 mmol, 59% yield) was obtained. 

1H NMR (CDCl3, 500 MHz): δ  7.54 (1 H, d, J = 8.6 Hz), 6.84 (1 H, d, J = 8.6 Hz), 3.80  

(3 H, s), 3.01 (3 H, s), 3.01 (2 H, m), 2.70 (2 H, m), 1.85 (2 H, m), 1.79 (2 H, m).  
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1,2-Dimethoxy-6-(3',4',5'-trimethoxybenzylidene)-benzocycloheptan-5-one 4 

 A solution of diisopropylamine (0.1 mL, 0.7 mmol) in anhydrous THF (4 mL) 

was cooled to -78 °C.  n-BuLi (2.5 M, 0.25 mL, 0.58 mmol) was added slowly, and the 

resulting solution was stirred for 50 minutes.  Next, benzosuberone 3 (0.114 g, 0.516 

mmol) was slowly added to the reaction mixture in anhydrous THF (3 mL).  The 

resulting solution was stirred for 30 minutes.  Next, 3,4,5-trimethoxybenzaldehyde (0.127 

g, 0.646 mmol) in anhydrous THF (3 mL) was slowly added to the reaction mixture.  

Upon adding the aldehyde, the solution immediately changed to bright yellow.  The 

solution was then allowed to warm to room temperature while stirring overnight.  On 

completion, the reaction mixture was quenched with HCl (2 M) until neutral, and the 

organic solvent was evaporated under reduced pressure.  The aqueous phase was then 

extracted using EtOAc (3 x 15 mL).  The combined organic phases were then dried with 

sodium sulfate, filtered, evaporated under reduced pressure, and purified by flash 

chromatography using EtOAc/hexanes:20/80 as the eluent.  Final compound 4 (0.0427 g, 

0.107 mmol, 21% yield) was obtained as a white powder.   

1H NMR (CDCl3, 500 MHz): δ  7.71 (1 H, s), 7.59 (1 H, d, J = 8.6 Hz), 6.89 (1 H, d, J =  

8.6 Hz), 6.75 (2 H, s), 3.93 (3 H, s), 3.90 (6 H, s), 3.89 (3 H, s), 3.83 (3 H, s), 3.01 (2 H, t,  

J = 6.8 Hz), 2.62 (2 H, t, J = 6.8 Hz), 2.07 (2 H, J = 6.8 Hz). 

13C NMR (CDCl3, 125 MHz): δ  196.8, 156.3, 153.2, 145.6, 138.6, 137.8, 137.7, 133.9,  

132.6, 131.3, 126.1, 110.0, 106.8, 61.3, 61.0, 56.2, 55.8, 26.3, 25.4, 23.1. 

1-Hydroxy-2-methoxybenzosuber-5-one29 5 
 

Benzosuberone 3 (1.097 g, 4.980 mmol) was added to 20 mL microwave vial with 

stir bar.  To the vial was added [TMAH][Al2Cl7] solution (0.496 M, 20.0 mL, 9.92 
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mmol).30  The vial was sealed and placed in a microwave reaction chamber for 1 h at 80 

°C with 30 sec of pre-stirring.  The reaction mixture was then slowly added to H2O (20 

mL).  The aqueous reaction mixture was extracted with EtOAc (4 x 25 mL).  The 

combined organic layers were washed with brine, dried with Na2SO4, evaporated under 

reduced pressure and purified by flash chromatography with a pre-packed 100 g silica gel 

column [eluents; solvent A, EtOAc, solvent B, hexanes; gradient; 5% A/95% B →  7% 

A/93% B (1 CV), 7%  A/93%  B  →  53%  A/47%  B (11.2 CV); flow rate 40 mL/min; 

monitored at  λ’s 254 and 280 nm].  Compound 5 (0.755 g, 3.66 mmol, 74% yield) was 

obtained as a tan solid. 

1H NMR (CDCl3, 500 MHz): δ  7.34 (1 H, d, J = 8.5 Hz), 6.79 (1 H, d, J = 8.5 Hz), 5.79  

(1 H, s), 3.94 (3 H, s), 3.02 (2 H, m), 2.71 (2 H, m), 1.82 (4 H, m). 

13C NMR (CDCl3, 125 MHz):  δ  205.2, 149.4, 142.6, 133.4, 127.8, 121.0, 108.0, 56.2,  

40.9, 24.6, 23.2, 21.5.  

2-Methoxy-1-((tert-butyldimethylsilyl)oxy)-benzocycloheptan-5-one 6 

 A solution of benzosuberone 5 (1.28 g, 6.20 mmol) in DMF (100 mL) was 

prepared.  TBS-Cl (1.88 g, 12.5 mmol) was then added, followed by a slow addition of 

DIPEA (1.7 mL, 9.8 mmol).  Upon addition of DIPEA, HCl (g) was released.  The 

resulting solution was stirred overnight.  On completion, the reaction mixture was 

quenched with H2O (20 mL).  The reaction mixture was then extracted with EtOAc (3 x 

15 mL), and the combined organic phases were washed with brine.  The organic phases 

were then dried with Na2SO4, filtered, evaporated under reduced pressure, and purified 

by flash chromatography using EtOAc/hexanes:15/85 as the eluent, yielding 

benzosuberone 6 (1.72 g, 5.36 mmol, 87% yield). 
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1H NMR (CDCl3, 500 MHz): δ  7.38 (1 H, d, J = 8.5 Hz), 6.77 (1 H, d, J = 8.6 Hz), 3.83  

(3 H, s), 3.00 (2 H, m), 2.69 (2 H, m), 1.79 (4 H, m), 1.01 (9 H, s), 0.18 (6 H, s) 

2-Methoxy-1-((tert-butyldimethylsilyl)oxy)-6-(3',4',5'-trimethoxybenzylidene)-
benzocycloheptan-5-one 7 
 
 A solution of diisopropylamine (0.12 mL, 0.85 mmol) in anhydrous THF (4 mL) 

was cooled to -78 °C. n-BuLi (2.5 M, 0.25 mL, 0.58 mmol) was added slowly, and the 

resulting solution was stirred for 30 minutes.  Next, benzosuberone 6 (0.162 g, 0.504 

mmol) was slowly added to the reaction mixture in anhydrous THF (3 mL).  The 

resulting solution was stirred for 30 minutes.  Next, 3,4,5-trimethoxybenzaldehyde (0.118 

g, 0.601 mmol) in anhydrous THF (3 mL) was slowly added to the reaction mixture.  The 

solution was then allowed to warm to room temperature while stirring overnight.  On 

completion, the reaction mixture was quenched with HCl (2 M) until neutral, and the 

organic solvent was evaporated under reduced pressure.  The aqueous phase was then 

extracted using EtOAc (3 x 15 mL).  The combined organic phases were then dried with 

Na2SO4, filtered, evaporated under reduced pressure, and purified by flash 

chromatography using EtOAc/hexanes:15/85 as the eluent.  Compound 7 (0.067 g, 0.14 

mmol, 27% yield) was obtained as a white powder.   

1H NMR (CDCl3, 500 MHz): δ  7.71 (1 H, s), 7.42 (1 H, d, J = 8.5 Hz), 6.82 (1 H, d, J =  

8.5 Hz), 6.74 (2 H, s), 3.90 (6 H, s), 3.89 (3 H, s), 3.85 (3 H, s), 3.02 (2 H, t, J = 6.8 Hz),  

2.61 (2 H, t, J = 6.8 Hz), 2.02 (2 H, p, J = 6.8 Hz), 1.02 (9 H, s), 0.20 (6 H, s). 

1-Hydroxy-2-methoxy-6-(3',4',5'-trimethoxybenzylidene)-benzocycloheptan-5-one 8 

 A solution of compound 7 (0.044 g, 0.088 mmol) in anhydrous THF (4 mL) was 

prepared.  TBAF (1 M, 0.1 mL, 0.1 mmol) was added, causing the solution to turn deep 
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red.  The resulting solution was stirred for 30 minutes, and then quenched with H2O (1 

mL).  Upon quenching, the solution became opaque white.  The organic solvent was then 

evaporated under reduced pressure, and then the aqueous solution was extracted with 

EtOAc (3 x 5 mL).  The combined organic phases were washed with brine, dried with 

Na2SO4, filtered, evaporated under reduced pressure, and purified by flash 

chromatography using EtOAc/hexanes:30/70 as the eluent, yielding final product 8 

(0.011 g, 0.029 mmol, 33% yield) as a white powder. 

1H NMR (CDCl3, 500 MHz): δ  7.71 (1 H, s), 7.39 (1 H, d, J = 8.4 Hz), 6.84 (1 H, d, J =  

8.5 Hz), 6.75 (2 H, s), 5.74 (1 H, s), 3.96 (3 H, s), 3.90 (6 H, s), 3.89 (3 H, s), 3.02 (2 H, t,  

J = 6.8 Hz), 2.62 (2 H, t, J = 6.8 Hz), 2.07 (2 H, p, J = 6.8 Hz). 

Synthesis of Benzosuberene Compounds with Modifications on Ring C 

1,2-Dihydroxy-benzocycloheptan-5-one 9 

 Benzosuberone 3 (1.5 g, 6.7 mmol) was added to a microwave vial, along with a 

[TMAH][Al2Cl7] solution (1.014 M, 22 mL, 22 mmol).  The vial was quickly sealed, and 

placed in the microwave synthesizer for 1 hour at 80 °C with normal absorption and a 30 

second pre-stir.  On completion, the solution was quenched with H2O slowly with 

constant swirling, yielding a yellow precipitate.  H2O was added until precipitation 

ceased.  The organic solvent was then evaporated under reduced pressure, and the 

aqueous solution was extracted with EtOAc (3 x 15 mL).  The combined organic phases 

were washed with brine, dried with Na2SO4, filtered, evaporated under reduced pressure, 

and purified by flash chromatography using MeOH/DCM:5/95 as the eluent, yielding 

benzosuberone 9 (1.07 g, 5.56 mmol, 84% yield) as a white solid.   

1H NMR (DMSO, 500 MHz): δ  10.00 (1 H, s), 8.47 (1 H, s), 7.01 (1 H, d, J = 8.5 Hz,),  
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6.69 (1 H, d, J = 8.5), 2.90 (2 H, m), 2.57 (2 H, m), 1.65 (4 H, m). 

13C NMR (DMSO, 125 MHz): δ  203.9, 149.5, 142.4, 131.5, 129.7, 120.6, 113.0, 40.6,  

24.6, 23.1, 21.2. 

1,2-Bis-((tert-butyldimethylsilyl)oxy)-benzocycloheptan-5-one 10 

 A solution of benzosuberone 9 (1.07 g, 5.56 mmol) in DMF (20 mL) was 

prepared.  TBS-Cl (2.12 g, 14.1 mmol) was then added, followed by a slow addition of 

DIPEA (3.0 mL, 17 mmol).  Upon addition of DIPEA, HCl (g) was released.  The 

resulting solution was stirred overnight, changing from light yellow to red-orange.  On 

completion, the reaction mixture was quenched with H2O (10 mL).  The reaction mixture 

was then extracted with diethyl ether (4 x 15 mL), and the combined organic phases were 

washed with H2O followed by brine.  The organic phases were then dried with Na2SO4, 

filtered, evaporated under reduced pressure, and purified by flash chromatography using 

EtOAc/hexanes:5/95 as the eluent, yielding benzosuberone 10 (2.19 g, 5.21 mmol, 94% 

yield) as a clear, colorless oil. 

1H NMR (CDCl3, 500 MHz): δ  7.30 (1 H, d, J = 8.3 Hz), 6.76 (1 H, J = 8.6 Hz), 2.96 (2  

H, m), 2.70 (2 H, m), 1.80 (4 H, m), 1.03 (9 H, s), 0.96 (9 H, s), 0.25 (6 H, s), 0.15 (6 H, 

s). 

13C NMR (CDCl3, 125 MHz): δ  205.0, 150.9, 143.7, 135.2, 133.8, 122.4, 118.3, 40.8, 

26.23, 26.17, 25.0, 24.8, 21.6, 18.9, 18.6, -3.4, -3.5.  

1,2-Bis-((tert-butyldimethylsilyl)oxy)-5-phenyl-benzocycloheptan-5-ol 11 

A solution of benzosuberone 10 (0.314 g, 0.746 mmol) in anhydrous THF (15 

mL) was chilled to -78 °C.  Phenyllithium (2 M, 0.56 mL, 1.1 mmol) was added slowly, 

and the resulting solution was stirred for 48 hours, causing the solution’s color to change 
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from yellow to red-orange.  Upon completion, the reaction mixture was quenched with 

H2O (5 mL).  The organic solvent was then evaporated under reduced pressure, and the 

aqueous layer was extracted with EtOAc (4 x 15 mL).  The combined organic phases 

were washed with brine, dried with Na2SO4, filtered, and evaporated under reduced 

pressure.  The crude compound was then purified by flash chromatography using a pre-

packed 25 g silica column [eluents; solvent A, EtOAc, solvent B, hexanes; gradient, 2% 

A/98% B (1 CV), 2% A/98% B → 20% A/80% B (12 CV), 20% A/80% B (2 CV); flow 

rate, 25 mL/min; monitored at λ’s 254 and 280 nm].  Compound 11 (0.205 g, 0.410 

mmol, 55% yield) was obtained as a clear oil.   

1,2-Bis-((tert-butyldimethylsilyl)oxy)-5-phenyl-benzocyclohept-5-ene 12 

Compound 11 (0.205 g, 0.410 mmol) was dissolved in glacial acetic acid (5 mL) 

and stirred overnight, causing the solution’s color to change to orange.  Upon completion, 

the acetic acid was evaporated under reduced pressure, and the reaction mixture was 

purified by flash chromatography using hexanes:100 as the eluent, yielding compound 12 

(0.148 g, 0.308 mmol, 75% yield).   

1,2-Dihydroxy-5-phenyl-benzocyclohept-5-ene 13 

A solution of compound 11 (0.145 g, 0.301 mmol) in anhydrous THF (4 mL) was 

prepared.  TBAF (1 M, 0.78 mL, 0.78 mmol) was added, causing the solution’s color to 

turn yellow.  The solution was stirred for 1 hour, darkening in color during this period.  

Upon completion, the organic solvent was evaporated under reduced pressure, and the 

reaction mixture was quenched with H2O (10 mL).  The aqueous phase was then 

extracted with EtoAc (4 x 10 mL).  Next, the combined organic phases were washed with 

H2O, washed with brine, dried with Na2SO4, filtered, and evaporated under reduced 
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pressure.  The crude compound was then purified by flash chromatography using a pre-

packed 10 g silica column [eluents; solvent A, EtOAc, solvent B, hexanes; gradient, 7% 

A/93% B (1.1 CV), 7% A/93% B → 60% A/40% B (13 CV), 60% A/40% B (3 CV); 

flow rate, 25 mL/min; monitored at λ’s 254 and 280 nm].  Final compound 13 (0.052 g, 

0.21 mmol, 68% yield) was obtained as a brown oil. 

1H NMR (CDCl3, 500 MHz): δ  7.26 (3 H, m), 6.68 (1 H, d, J = 8.1 Hz), 6.48 (1 H, d, J =  

8.2 Hz), 6.36 (1 H, t, J = 7.4 Hz), 5.22 (1 H, s), 5.06 (1 H, s), 2.71 (2 H, t, J = 7.0 Hz),  

2.15 (2 H, p, J = 7.0 Hz), 1.97 (2 H, q, J = 7.2 Hz). 

1,2-Bis-((tert-butyldimethylsilyl)oxy)-5-(3ʹ′,4ʹ′-Dimethoxyphenyl)- 
benzocycloheptan-5-ol 14 
 

A solution of 3,4-dimethoxyphenylbromide (0.224 g, 1.03 mmol) in anhydrous 

THF (10 mL) was cooled to -78 °C.  Then n-BuLi (2.5 M, 0.45 mL, 1.1 mmol) was 

added slowly and stirred for 1 hour.  Ketone 10 (0.389 g, 0.924 mmol) was slowly added 

to the reaction mixture in anhydrous THF (5 mL) and allowed to warm to ambient 

temperature overnight with continuous stirring.  On completion, the reaction mixture was 

quenched with H2O (5 mL), and the organic solvent was evaporated under reduced 

pressure.  The aqueous phase was then extracted using EtOAc (4 x 15 mL).  The 

combined organic extracts were washed with brine, dried over Na2SO4, filtered, 

evaporated under reduced pressure, and purified by flash chromatography using a pre-

packed 50 g silica column [eluents; solvent A, EtOAc, solvent B, hexanes; gradient, 5% 

A/95% B → 7% A/93% B (1 CV), 7% A/93% B → 60% A/40% B (11.5 CV), 60% 

A/40% B (2.5 CV); flow rate, 40 mL/min; monitored at λ’s 254 and 280 nm].  Compound 

14 (0.162 g, 0.289 mmol, 31% yield) was obtained as a clear oil. 
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1,2-Bis-((tert-butyldimethylsilyl)oxy)-5-(3ʹ′,4ʹ′-Dimethoxyphenyl)- 
benzocyclohept-5-ene 15 
  

Compound 14 (0.205 g, 0.410 mmol) was dissolved in glacial acetic acid (5 mL), 

refluxed at 118 °C for 4 hours, and stirred overnight at room temperature, causing the 

solution’s color to change to orange.  Upon completion, the acetic acid was evaporated 

under reduced pressure, and the reaction mixture was purified by flash chromatography 

using EtOAc/hexanes:15/85 as the eluent, yielding compound 15 (0.119 g, 0.219 mmol, 

76% yield). 

1,2-Dihydroxy-5-(3ʹ′,4ʹ′-Dimethoxyphenyl)-benzocyclohept-5-ene 16 

Compound 15 (0.085 g, 0.16 mmol) was added to a flask containing anhydrous 

THF (5 mL).  To the solution was added TBAF (1 M, 0.40 mL, 0.40 mmol).  The 

solution was stirred for 1.5 h at room temperature, causing the solution to turn yellow.  

The reaction mixture was evaporated under reduced pressure and purified by flash 

chromatography using EtOAc/hexanes:20/80 as eluent.  Final compound 16 (0.038 g, 

0.12 mmol, 76% yield) was obtained as a light brown solid. 

1H NMR (CDCl3, 500 MHz): δ  6.81 (3 H, m), 6.68 (1 H, d, J = 8.2 Hz), 6.51 (1 H, d, J =  

8.2 Hz), 6.30 (1 H, t, J = 7.3 Hz), 5.29 (1 H, s), 5.26 (1 H, s), 3.88 (3 H, s), 3.81 (3 H, s),  

2.71 (2 H, t, J = 6.9 Hz), 2.14 (2 H, p, J = 7.0 Hz), 1.96 (2 H, q, J = 7.1 Hz). 

13C NMR (CDCl3, 125 MHz): δ  148.5, 148.2, 142.5, 141.8, 140.8, 135.6, 134.4, 128.6,  

126.1, 121.6, 120.4, 112.3, 111.3, 110.8, 55.93, 55.87, 33.9, 25.5, 23.8. 
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CHAPTER THREE 
  

Results and Discussion 

Synthesis of α,β-Unsaturated Benzosuberone Analogues 

 Numerous analogues of the benzosuberene compounds have been produced in 

previous studies. Few feature an α,β-unsaturated ketone in the final structure, and none 

feature a ketone on the “B” ring (see Figure 14).25  Thus, final compounds 4 and 8 were 

attractive targets for further study.  Additionally, certain assays performed on these 

compounds can give valuable insight into the effects of altering the distance between the 

two biologically active components in the benzosuberene class of compounds.  Of the 

two compounds discussed, compound 4 features methoxy functional groups at both the 

C-1 and C-2 positions on the “A” ring, while compound 8 features a methoxy functional 

group at the C-2 position and a hydroxyl functional group at the C-1 position.   

 

Figure 14: α,β-Unsaturated ketone benzosuberene analogues in literature25 

Preparation of the desired benzosuberone analogue 4 (see Scheme 1) started with 

commercially available 2,3-dimethoxybenzaldehyde.  A Wittig reaction was performed 

on this starting material using a phosphonium ylide derived from (3-

carboxypropyl)triphenylphosphonium bromide and KOtBu, yielding a mixture of E/Z 
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isomers of carboxylic acid 1.  No attempts at separating these isomers were made, since a 

reduction of the benzylic double bond using 10% Pd on carbon and hydrogen gas resulted 

in the formation of the desired product, carboxylic acid 2, in quantitative yield.  The 

resulting alkyl side chain was cyclized using Eaton’s reagent (7.7%/wt. P2O5 in 

CH3SO3H) to form benzosuberone 3 in moderate yield.  To produce the desired final 

compound, an aldol reaction was performed.  To form the necessary enolate, LDA 

(generated from diisopropylamine and n-BuLi) was reacted with benzosuberone 3.  This 

enolate was then slowly added to 3,4,5-trimethoxybenzaldehyde and stirred overnight. 

Aqueous HCl (2 M) was added during the workup in order to eliminate the resultant 

tertiary alcohol, leaving benzosuberone analogue 4 in low yield.  The E/Z isomer 

configuration was not determined from preliminary NMR analysis.   
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Scheme 1: Synthesis of benzosuberone analogue 4 

The initial synthetic route for producing benzosuberone analogue 8 (see Scheme 

2) was similar to that of benzosuberone analog 4 (see Scheme 1).  A Wittig reaction was 

performed on 2,3-dimethoxybenzaldehyde using the same phosphonium ylide previously 

mentioned.  The resulting product was reduced with 10% Pd on carbon and hydrogen gas, 

then cyclized with Eaton’s reagent to yield benzosuberone 3.  To introduce a hydroxyl 

functionality at the C-1 position, a demethylation reaction was performed using two 

equivalents of a [TMAH][Al2Cl7] solution in DCM.  The reaction was carried out in a 

microwave reactor at 80 °C for one hour, leaving benzosuberone 5 in good yield.  Since 

the presence of a hydroxyl functional group would neutralize the base needed for enolate 

formation, a TBS protection reaction was carried out first using TBS-Cl, and DIPEA.  

Once the hydroxyl group was protected, an aldol reaction was performed using the same 
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methodology previously mentioned.  Lastly, a TBS deprotection reaction was completed 

using TBAF in THF.      

 

Scheme 2: Synthesis of benzosuberone analogue 8 

Overall, the syntheses of both benzosuberone analogues 4 and 8 were completed 

in relatively few steps.  In previously published studies by Pinney and co-workers, the 

synthesis of compounds similar in structure to benzosuberone 3 took up to seven steps 

and resulted in poor yield.25  The optimization of this synthesis as presented in schemes 1 

and 2 is chiefly the result of two key reactions.  Previous studies formed the seven-

membered “B” ring found in benzosuberone compounds through a ring expansion 

reaction.  The same seven-membered ring was synthesized here using a cyclization 

reaction in much greater yield.31  Additionally, the ability to selectively demethylate the 

C-1 methoxy moiety found on compound 3 using [TMAH][Al2Cl7] greatly simplified the 
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process of generating both analogues 4 and 8, since compound 3 could then be used as a 

reaction intermediate in both synthetic routes.29  

Nevertheless, further optimization in both compounds’ syntheses is needed.  In 

both aldol reactions, lower than 30% yields were obtained.  Thus, this reaction is the 

major bottleneck in producing larger amounts of both final compounds.  Aside from the 

aldol reaction, the Wittig reaction was another source of poor yields.  These poor yields 

could be in part due to the low solubility of the phosphonium bromide salt in THF. 

Synthesis of Benzosuberene Analogues with Modifications on the “C” Ring 

 While compounds 4 and 8 feature α,β-unsaturated ketones on the “B” ring, 

benzosuberene analogues 13 and 16 were synthesized to examine the effects of 

modifying the functional groups present on the “C” ring.  Unlike compounds 4 and 8, 

both compounds 13 and 16 feature hydroxyl functionalities at both the C-1 and C-2 

positions of the “A” ring.  Although previous studies29 have examined the effects of 

replacing the methoxy functional groups at C-1 and C-2 on the “A” ring with hydroxyl 

groups (see Compound 19), the effects of these changes in combination with changes on 

the “C” ring have not been fully examined.29  Compound 13 contains no functional 

groups on the “C” ring.  Compound 16 contains methoxy groups at the C-3 and C-4 

positions on the “C” ring.  

 

Figure 15: Catechol benzosuberene derivative29 
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 To prepare final compound 13 (see Scheme 3), benzosuberone 3 was first 

prepared using similar methods as previously described (see Scheme 1).  Three 

equivalents of [TMAH][Al2Cl7] were used in a demethylation reaction to synthesize a 

1,2-diol on the “A” ring of benzosuberone 9.  Three equivalents were used in this 

reaction instead of two equivalents in order to demethylate both methoxy functionalities 

on the “A” ring.  These newly formed hydroxyl functionalities were then protected using 

TBS-Cl in order to produce bis-TBS protected benzosuberone 10.  TBS protection was 

necessary, since the next step in the synthetic route involved the nucleophilic addition of 

commercially available phenyllithium at -78 °C, producing compound 11.  The tertiary 

alcohol of compound 11 was then eliminated using glacial acetic acid to give TBS 

protected benzosuberene analogue 12.  Subsequent deprotection of the TBS protecting 

group using TBAF resulted in the production of benzosuberene analogue 13.  
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Scheme 3: Synthesis of benzosuberene analogue 13 

The preparation of benzosuberene analogue 16 (see Scheme 4) closely mirrored 

the preparation of benzosuberene 13.  However, the desired organolithium reagent 

needed for the nucleophilic addition reaction to the α,β-unsaturated ketone on the “B” 

ring was not commercially available.  The organolithium intermediate was therefore 

generated in situ using n-BuLi and 3,4-dimethoxyphenylbromide.  After stirring for one 

hour at -78 °C, TBS protected benzosuberone 10 was slowly added, resulting in 

compound 14.  The resulting tertiary alcohol was eliminated using glacial acetic acid 

under reflux for four hours, producing TBS protected benzosuberene analogue 15.  

Subsequent TBS deprotection was carried out using TBAF as previously described, 

producing benzosuberene analogue 16.  
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Scheme 4: Synthesis of benzosuberene analogue 16 

Biological Data 

 Of the four compounds synthesized, one was chosen for further evaluation in 

several human cancer cell lines.  The biological evaluation of this compound was 

completed through a collaboration with the Trawick Research Group at Baylor 

University.  Compound 4 was evaluated by comparing its GI50 performance in the NCI-

H460, DU-145, and SK-OV-3 human cancer cell lines against that of several similar 

analogues reported in literature (see Table 1).  The NCI-H460 cancer cell line was 

derived from a large cell lung carcinoma.  The DU-145 cancer cell line was derived from 

a prostate carcinoma.  The SK-OV-3 cancer cell line was derived from an ovarian 

adenocarcinoma.      
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Table 1: Biological evaluation of selected analogues 

Compound NCI-H460 (μM)a DU-145 (μM) SK-OV-3 (μM) 
4 23.5 20.1 8.46 

CA1b 2.2 0.51 ndc 
CA4b 0.002 0.002 0.00013 

KGP18d 0.000028 0.0000032 <0.00003 
17d >10 >10 nd 
18d >10 >10 nd 
19e 0.410 0.783 0.341 

 

a = GI50 value indicates the concentration which inhibits cell growth by 50% 
b = reference 32 
c = nd denotes not determined in the study 
d= reference 25 
e = reference 29 
 

The GI50 data obtained indicate that the structure of compound 4 does not 

improve the effectiveness of the original benzosuberene compound, KGP18, or the 

natural products CA1 and CA4.  Additionally, more data is needed to evaluate compound 

4’s effectiveness at cell growth inhibition in comparison to the previously synthesized 

α,β-unsaturated ketones 17 and 18.  However, the performance of compound 4 does 

enhance the current understanding of the benzosuberene class’s structure-activity 

relationship profile.  From the data, it can be inferred that the presence of a ketone in the 

final compound does not enhance its biological activity.  Additionally, the data illustrates 

the importance of the intramolecular distance between the “A” and “C” rings.  

 Additional structure-activity relationships claims cannot be made  without 

biological data on the three other compounds synthesized.  The biological data obtained 

from compound 8 could provide valuable insight.  Previous studies by Pinney and co-

workers have shown that replacing the C-1 methoxy functionality with a hydroxyl 

functionality can improve GI50 activity by over 10,000 fold.25,29  Moreover, biological 
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data for compounds 13 and 16 could reveal how modifying the functional groups on the 

“C” ring could alter the effectiveness of benzosuberenes by comparing GI50 values with 

those of compound 19.  All four compounds synthesized will be evaluated for their 

ability to inhibit tubulin assembly in future studies.  
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CHAPTER FOUR 
 

Conclusion 

 The original synthetic route developed for benzosuberone analogues 4 and 8 is the 

key achievement for this research endeavor.  With these compounds, it is possible to 

evaluate the effects of incorporating a ketone in the “B” ring, along with a benzylidene 

functionality.  These structural modifications also help develop a more complete 

understanding of the relationship between the “A” and “C” ring distance and how that 

affects a compound’s overall biological activity.  Additionally, while the synthetic route 

used to prepare compounds 13 and 16 has been previously reported in recent literature by 

Pinney and co-workers,31 their structures have added to the current library of 

benzosuberene analogues with “C” ring modifications.29   

Although biological data was only obtained for one of the compounds 

synthesized, the methods and results presented here have laid the groundwork for future 

synthetic studies involving both the synthesis of α,β-unsaturated benzosuberone 

analogues and benzosuberene derivatives with modifications on the “C” ring.  Future 

studies could examine the effects of further modifying the functional groups present on 

the “A” and “C” rings of compounds 4 and 8.  By continuing to synthesize compounds 

such as these and investigating their SAR, additional discoveries can be made about the 

biochemistry of the tumor microenvironment, and, consequently, cancer itself.  
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NMR SPECTRA 

 
1H NMR (CDCl3, 500 MHz) of Compound 4...................................................................38 

13C NMR (CDCl3, 125 MHz) of Compound 4..................................................................39 

1H NMR (CDCl3, 500 MHz) of Compound 5...................................................................40 

13C NMR (CDCl3, 125 MHz) of Compound 5..................................................................41 

1H NMR (DMSO, 500 MHz) of Compound 9...................................................................42 

13C NMR (DMSO, 125 MHz) of Compound 9.................................................................43 

1H NMR (CDCl3, 500 MHz) of Compound 10.................................................................44 

13C NMR (CDCl3, 125 MHz) of Compound 10................................................................45 

1H NMR (CDCl3, 500 MHz) of Compound 16.................................................................46 

13C NMR (CDCl3, 125 MHz) of Compound 16................................................................47 
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